INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a terminal neurodegenerative disease characterised by the degeneration of upper and lower motor neurons. Lifetime risk is approximately 1/400 1 and in most instances an underlying cause cannot be established. Nonetheless, 22 genes have been implicated in Mendelian forms of the condition while a further 82 have been associated with disease risk (http://alsod.iop.kcl.ac.uk). 2 A detailed understanding of disease heterogeneity is important to facilitate appropriate stratification of subcohorts for clinical research purposes.
However, the relative importance of identified ALS genes is largely unknown and to date the most comprehensive studies have analysed only six or seven disease-associated genes. 3 4 Investigation of the cumulative effect of variation across distinct disease loci has also been limited, although a significant excess in the co-occurrence of putative disease variants among fALS patients has recently been demonstrated. 5 There is also little known as to how the genetic aetiology of ALS varies across populations. Previous studies have suggested significant variability in the importance of specific disease genes, 6 7 but these studies have involved comparisons of selected patient cohorts and no comparative study of population-based cohorts has yet been performed.
To establish the relative and cumulative frequencies of disease variants across 33 of the most wellestablished ALS-related genes, we analysed a population-based cohort of 444 Irish ALS cases and 311 age-matched and geographically matched controls by multiplexed targeted high-throughput sequencing. This represents the most extensive survey of ALS loci to date. To assess the importance of disease heterogeneity across populations, we compare our results with those reported by previous population-based studies of major disease genes. We also search for correlations in the co-occurrence of putative disease variants and investigate the importance of cumulative susceptibility across distinct disease loci.
MATERIALS AND METHODS Study participants
All participating patients were recruited between 1999 and 2011 through the ALS Register of the Republic of Ireland or the ALS Register of Northern Ireland. 8 All patients were of Irish ancestry and met the revised El Escorial criteria for possible, probable or definite ALS. Patients with an identifiable family history of ALS among first, second or third degree relatives were classified as 'familial', otherwise patients were classified as 'sporadic'. Controls were neurologically normal at the time of blood donation and included the spouses of attending patients and volunteers recruited at primary care offices across the country. Informed written consent was obtained from all participants and the study was approved by the research and ethics committee in Beaumont Hospital, Dublin.
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Targeted resequencing
Indexed paired-end Illumina sequencing libraries 10 were prepared for 444 cases and 311 controls. Libraries were enriched for the coding exons of target genes using custom SureSelect kits (Agilent, Santa Clara, California, USA) and resequenced at either TrinSeq (Dublin, Ireland) or GATC Biotech (Konstanz, Switzerland). Generated sequencing reads were aligned to the GRCh37 build of the human genome using Burrows-Wheeler Aligner (BWA) V.0.6.1.
11 Subsequent quality control, depth of coverage analyses, power analyses, variant calling and variant annotation were performed using SAMtools V.0. 16 Further details on library preparation, target enrichment, sequencing and the analysis of sequence data are provided in the supporting materials and methods.
Statistical analyses
Unless otherwise indicated, all statistical analyses were conducted in R V.2.14.1.
Evaluation of high-penetrance disease models
One-tailed binomial tests were used to assess whether the frequencies of variant carriers within a series of control cohorts were higher than could be accounted for under high-penetrance disease models. 17 These control cohorts included an Irish panel (internal controls), a European panel (internal controls, the ESP6500-European American cohort, the 1000 genomes-European cohort) and a global panel (internal controls, the full ESP6500 cohort, the full 1000 genomes cohort). The expected carrier frequencies were taken as the product of patient carrier frequencies and the respective population risks for ALS (Irish 1/290; European 1/397; Global 1/397).
1 High-penetrance disease models were rejected when the p value associated with any one of the three cohorts was <0.05. Carriers were defined as individuals homozygous for the variant allele for the evaluation of recessive disease models and individuals homozygous/ heterozygous for the variant allele for the evaluation of dominant disease models.
Analysis of variant co-occurrence
One-tailed binomial tests were used to explore whether the frequencies of cases carrying multiple splice site/non-synonymous ALS gene variants exceeded chance expectation. As per van Blitterswijk et al, 5 the expected frequency of this occurrence was taken as (the number of cases carrying ≥1 variant/the total number of cases)*(the number of controls carrying ≥1 variant/ the total number of controls). Variants were excluded from these analyses, if the frequency of carriers among European/ Global controls from the ESP6500 and 1000 genomes projects exceeded one of several potential critical values (see online supplementary tables S3 and S4 for details).
The frequency with which carriers of previously reported ALS variants also carried variants of additional Mendelian disease genes (3/43) was used to estimate the probability of observing mul- 
Analysis of population heterogeneity
The burden of putative disease variants across ANG, C9orf72, FUS, OPTN, SOD1 and TARDBP within the Irish and Italian ALS populations was compared first using c-alpha tests where singleton variants were collapsed into a single per locus count 18 and second using allele count-based Fisher exact tests. To avoid artificial inflation of population differences due to biases in missing genotype rates, c-alpha test permutations were performed at each variant site independently.
Single variant association testing
Variants were tested for association with case-control status using PLINK V.1.07. 19 Allelic, dominant and recessive disease models were tested using Fisher exact tests. Multiple testing correction was performed by the Westfall and Young permutation method. Synonymous variants were not considered in the correction of p values obtained from non-synonymous or splice site variants. Association tests were performed with and without sample filtering based on status for established disease mutations and a family history of ALS.
RESULTS

Study participants
Four hundred and forty-four Irish ALS patients (57.7% men; mean age of onset=61.7±12.0 years; 65.4% spinal onset, 31.8% bulbar onset, 2.8% generalised onset) and 311 agematched and geographically matched controls (47.2% men; mean age of sampling = 60.3±11.8 years) were included in the study. Fifty-three patients (11.9%) were recruited through the population-based Northern Irish ALS Register (Belfast, Northern Ireland) while the remaining 391 (88.1%) were recruited through the Irish ALS Register. 8 Fifty patients (11.3%) were classified as 'familial' while 394 (88.7%) were classified as 'sporadic' according to recently published criteria. 9 Twenty-four of the sporadic (6.1%) and 15 of the familial (30.0%) patients previously tested positive for pathogenic expansions of the C9orf72 hexanucleotide repeat. 20 
Targeted resequencing
Study participants were screened for variants within the coding exons of 10 genes previously associated with Mendelian forms of ALS (ALS2, ANG, C9orf72, FUS, OPTN, SETX, SOD1, TARDBP, VAPB, VCP) and 23 low penetrance/tentative ALS genes (ATXN2, CHMP2B, DCTN1, DPP6, ELP3, FGGY, FIG4, GRN, HFE, IFNK, ITPR2, MAPT, MOB3B, NEFH, NIPA1, PARK7, PON1, PON2, PON3, PRPH, SIGMAR1, SPG11, UNC13A). At the time of target gene selection, the causative variant within the chromosome 9p linkage region had not been resolved and accordingly MOB3B and IFNK were included as tentative ALS genes. 21 Given the large number of study participants and target exons involved, samples were resequenced using a multiplexed targeted high-throughput sequencing strategy. 22 In total, 26.3×10 6 sequencing reads mapping to target positions were generated. Ninety-nine per cent of target bases were covered by at least 1 sequencing read and on an average each target position was covered by a mean of 27.3 sequencing reads per sample (see online supplementary table S1). Power to observe any variant with a patient allele frequency ≥0.5% was estimated to range from 0% to 98.8% across target positions with a median of 98.7% (IQR: 98.3-98.8%, figure 1A) . A more detailed account of the distribution of variant detection power across target genes can be found in online supplementary figure S1. Four hundred and seventy-seven potential sequence variants were identified across target intervals (see online supplementary table S2). Ninety-five of these were designated as possible machine errors (see online supplementary materials and methods and table S2) and are not considered further. To evaluate the accuracy of genotypes inferred across the remainder of sites, genotypes called for 567 samples across 85 variants (target intervals ±50 bp) were compared with genotypes previously ascertained using Illumina HumanHap 550, 23 Illumina Human610-Quad (deCODE Genetics, Reykjavik, Iceland) and Illumina OmniExpressExome-8v1 (Atlas Biolabs, Berlin, Germany) single nucleotide polymorphism BeadChip assays. This comparison revealed a genotype concordance rate of 98.9% among sequencing and BeadChip calls following genotype quality control (figure 1B, see online supplementary materials and methods).
ALS-related variants
Based on the frequencies of carriers among internal controls and samples analysed by the NHLBI exome sequencing and 1000 genomes projects, all but 52 sequence variants were excluded as causing ALS with high penetrance (see the Methods section). Two of these represented previously described ALS variants; TARDBP: c.859G>A(p.
[G287S]) [24] [25] [26] X-axis denotes the minimum sequencing genotype quality score (GQ) accepted for inference of sample genotypes across 85 variant sites. The blue line denotes the relationship between minimum GQ and the rate of concordance among sample genotypes ascertained by resequencing and sample genotypes ascertained using BeadChip assays. The yellow line denotes the relationship between minimum GQ and missing genotype rate among the sequencing call sets (n=567 samples). The vertical dotted line indicates the GQ threshold employed during this study (see online supplementary materials and methods). AF, allele frequency.
Co-occurrences of ALS gene variants
Analysis of the number of cases carrying multiple rare or lowfrequency variants revealed no detectable excesses across either the Mendelian genes alone or the entire dataset (see online supplementary tables S3 and S4). Seven patients (4.0% of fALS, 1.3% of sALS, 1.6% of combined) carried two variants classified 
Variation in the frequency of ALS variants across populations
To assess the potential importance of genetic heterogeneity across populations, we compared the estimated frequencies of ANG, C9orf72, FUS, OPTN, SOD1 and TARDBP disease variants among Irish patients with those reported by population-based studies of Italian cohorts. 3 4 The difference was statistically significant (combined p=1.7×10 −4 , . TARDBP: 2.00% vs 0.45%, p=0.035). The overall frequencies of FUS and OPTN variants were similar (FUS: 0.30% vs 0.45%, p=0.61. OPTN: 0.20% vs 0.23%, p=1). ANG variants were identified only among Italian patients but the frequency difference was not significant (0.30% vs 0.00%, p=0.56).
Single variant association testing
Case-control association tests were performed under additive, dominant and recessive disease models and under various sample and variant inclusion criteria; however, no significant associations with disease risk were observed. †Comparison of independent variant frequencies using a c-α test. ALS, amyotrophic lateral sclerosis.
DISCUSSION
We have screened a population-based cohort of 444 Irish ALS patients and 311 age-matched and geographically matched controls for variants within the coding exons of 33 previously reported ALS genes. This represents the most extensive survey of known ALS loci to date and is the first to employ a multiplexed targeted next-generation sequencing strategy to efficiently analyse multiple ALS loci simultaneously. The resulting dataset exhibited high sensitivity in terms of predicted power to identify rare patient variants and high accuracy in terms of genotype assignment.
We found that up to 17.1% of Irish ALS cases (38.0% of fALS, 14.5% of sALS) may carry high-penetrance disease variants within the investigated genes. However, only 10 of the 33 genes analysed represent well-established Mendelian disease genes, and it is anticipated that many of the possible disease variants identified will not be ALS related. Additionally, it should be noted that variants of ALS2 and SPG11 were observed solely in heterozygous configurations, but that these genes have previously been associated with ALS only under recessive disease models. 30 31 It is also worth noting that as reported in previous studies, 32 no disease variants could be identified within the coding sequence of the C9orf72 gene.
A total of 9.7% of the patients (30% of fALS, 7.1% of sALS) were found to carry previously reported ALS variants, with 8. P525L] ) carriers was consistent with that reported previously, 27 with both patients exhibiting an exceptionally young age of onset and rapid disease progression. Conversely, we observed that carriers of the TARDBP:c.859G>A(p.[G287S]) variant exhibited a disease of comparatively late onset and slow progression. Review of TARDBP:c.859G>A(p.[G287S]) carriers reported across this study and previous publications [24] [25] [26] revealed that disease onset ranged from 52 to 70 years of age while disease duration ranged from 49 to ≥93 months.
Despite prior evidence to support models of high disease penetrance, 62% of C9orf72 expansion carriers and all FUS: c.1574C>T( p.[P525L]) and TARDBP:c.859G>A( p.[G287S]) carriers were classified as sporadic. Modelling of the effects of penetrance and family size on the rate of familial disease has previously shown that inheritance of high-penetrance variants can occur in the absence of a detectable family history. 33 Conversely, the presence of a family history does not necessarily infer the presence of a common disease aetiology 9 and it is not always the case that disease variants are inherited. For example, the FUS:c.1574C>T( p.[P525L]) substitution has been reported to occur as a de novo event in multiple cases. 27 Taken together, our results therefore support the contention that the distinction between familial and sporadic disease is of limited utility from both clinical and research perspectives. Substantial differences have been described in the general spectrum of rare and low-frequency genetic variations across populations. 15 34 A degree of population differentiation would therefore also be anticipated in the genetics of disease pathogenesis. Formal comparison of our results with those reported by studies of major disease genes in Italy confirmed that this is the case with ALS. We observed significant differences in the nature of genetic susceptibility across the two populations (p=1.7×10 −4 ), finding that only two of the 32 variants identified among either Irish or Italian patients could be identified among both. One of these shared variants was the FUS:c.1574C>T(p.
[P525L]) substitution, which is notable as limited population differentiation may have been predicted a priori, given the associated age of mortality and the importance of de novo occurrence. The other was the C9orf72 repeat expansion, which has been shown to occur with high frequency among various European populations.
3 5 35 However, we observed that the expanded allele occurred with a significantly higher frequency in the Irish population than the Italian (Irish=8.78% , Italian=4.39%, p=3.95×10 −4 ). Conversely, we observed that variants of SOD1and TARDBP were significantly more common among Italian patients than Irish (SOD1:Irish=0.00%, Italian=2.00%, p=3.8×10 . TARDBP:Irish=0.45%, Italian=2.00%, p=0.035). The absence of SOD1 variants in the Irish population is particularly striking, as the gene is believed to make significant contributions to disease burden across Scandinavia (9.6%), 36 the USA (7.5%), 37 Germany (12%-familial cases only), 38 Italy (2.1%), 3 France (56%-familial cases only) 39 and Korea (3.9%).
7
A recent analysis of ALS patients from the Netherlands revealed that mutations of multiple ALS-associated genes could be identified in 9/57 families ( p=1.57×10 −7 ), 5 suggesting that oligogenic susceptibility may play an important role in ALS aetiology. In the current study, we searched for excesses in the co-occurrence of rare and low-frequency variations across a wider panel of disease genes. Our findings did not reveal any significant deviations from chance expectation, even when the analysis was restricted to genes analysed in the Dutch study (data not shown). However, we did observe that 1.6% of patients (4.0% of fALS, 1 has not yet to our knowledge been reported in healthy controls. As studies that have previously reported the variant analysed the TARDBP gene in isolation, it is not known whether carriers identified elsewhere also carry additional disease variants. The potential relevance of oligogenic susceptibility in ALS aetiology means that the exploration of oligogenic models may become increasingly important in disease gene mapping and studies of genotype-phenotype correlations. It also means that known disease genes should be studied together rather than in isolation and that patients testing positive for disease variants at one locus should not be excluded from subsequent analysis of additional disease loci.
No associations were established between any of the identified variants and case-control status. However, power to evaluate the pathogenicity of low-frequency variants was limited and further investigation of patients and matched controls by future studies may reveal disease-relevant effects. We have therefore provided a complete account of the variation identified across both cases and controls (see online supplementary table S2).
Strong correlations have been observed between patient phenotypes and individual disease variants 20 27 and it may be the case that other clinical features such as the frequency of cognitive impairment, the burden of disability and drug response also vary across populations. While the clinical phenotype within European populations is broadly similar, our data would suggest that general extrapolation of findings from individually characterised ancestral populations must be undertaken with caution. A deeper understanding of disease heterogeneity across populations will require further analysis of representative patient cohorts, and is likely to be of benefit in cohort stratification for future clinical trials.
In conclusion, we have used targeted high-throughput sequencing to conduct an extensive population-based survey of ALS gene variant frequencies. We found that 17.1% of Irish cases may carry high-penetrance disease variants within the investigated genes, with previously established disease variants accounting for up to 9.7%. We have also found that the C9orf72 hexanucleotide repeat expansion represents the most common of these variants. Our study was limited by the exclusion of more recently reported disease genes like SQSTM1 40 and UBQLN2 41 and by the absence of any functional analyses of putative disease variants. However, we identified significant differences in the frequencies of disease variants between Irish and other European populations, demonstrating that distinct patient populations cannot always be treated as homogenous. Finally, we also uncovered evidence that supports the potential relevance of oligogenic susceptibility in ALS aetiology and suggests that the TARDBP:c.859G>A( p.
[G287S]) variant may not cause disease in isolation.
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